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Abstract

Training a forward model and using temporal gradients has been successfully deployed
in the domain of motion control. Inverse classification is a new technique in which a
generative model is used both as a generator and a classifier. The generative model is
first used to produce sequences given one-hot vectors representing classes as input. In the
second step the network is fed a uniformly distributed vector that is iteratively adapted
with the gradients resulting from the loss between the generated sequence and a target
sequence. In the optimal case, the input converges towards the one-hot vector repre-
senting the class of the target sequence. To test the performance of inverse classification
multiple experiments were conducted on sequences representing handwritten characters.
The technique of inverse classification is able to compete with a standard classification
approach for less complex tasks but performs significantly worse on data of higher com-

plexity.



Zusammenfassung

Das Training eines Vorwirtsmodells und die anschlieBende Nutzung von Gradienten
wurde bereits erfolgreich im Bereich der Bewegungssteuerung eingesetzt. Inverse Klas-
sifizierung ist eine neuartige Technik, die ein generatives Modell sowohl als Generator
als auch zur Klassifizierung nutzt. Das Vorwirtsmodell wird erst darauf trainiert Se-
quenzen, die Klassen représentieren, zu generieren. Im Klassifizierungsschritt wird dem
Netzwerk zunéichst ein gleichverteilter Vektor gefiittert, welcher iterativ mit den Gradi-
enten angepasst wird. Der Gradient entsteht aus dem Fehler zwischen dem Ergebnis des
Vorwiértsprozesses und dem zu klassifizierenden Ziel. Im Optimalfall konvergiert der Ein-
gangsvektor gegen den one-hot Vektor, der die Klasse der Zielsequenz reprisentiert. Um
die Leistung der neuen Technik zu testen, wurden verschiedene Experimente auf einem
Datensatz von Sequenzen, die handgeschriebenen Buchstaben entsprechen, ausgefiihrt.

Die Technik der Inversen Klassifizierung liefert bei weniger komplexen Aufgaben Resul-
tate, die vergleichbar zu einer Standard Klassifizierung sind, aber schneidet bei hcherer

Komplexitat merkbar schlechter ab.
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1 Introduction

Learning a forward model and then using temporal gradients has been shown to gen-
erate active-inference-based, flexible, adaptive goal-directed behavior in the domain of
planning future trajectories in partially observable environments [OSEB17]. The model
has been successfully extended to not only include the prospective inference but also a
retrospective inference process, i.e. inferring the unobservable contextual state that best
explains its recently encountered sensorimotor experiences [MDASIE|. In both cases, the
gradient based inference was not only highly successful but even able to be used in online
applications for very fast moving vehicles in partially observable environments.
Autoencoders are a class of artificial neural networks, combining an encoder and a de-
coder network. The encoder is used to reduce the dimensionality of the input data to a
minimum while still maintaining all necessary features. The space of all possible options
after the dimensionality reduction is called latent space. The decoder reconstructs the
original input from the reduced dimensionality of the latent space. The autoencoder
therefore extracts the essential features from the input to then generate the inputs again
from these essential features. Many different versions of autoencoders have been pub-
lished since their first appearance, including but not limited to: Variational Autoencoders
[KW13] and Denoising Autoencoders [VLL™10].

Generative models have been able to create sequences that are indistinguishable to se-
quences created by humans. In the field of handwritten characters, Nikolaus ([MMS17])
was able to show that a recurrent neural network (RNN) with the usage of long short-
term memory (LSTM) is able to generate characters and variations of characters, by
combining different versions of learned data.

This work is extracting and combining ideas from the previously described concepts. It
attempts to implement a generative model to create handwritten characters and use the
temporal gradients to then infer the original inputs when given certain outputs. Essen-
tially it is like an autoencoder in the same model, where the main processes swapped
positions. The forward process is the decoder part while the inverse classification can be

thought of an encoder.
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If the technique can be successfully deployed multiple advantages can be gained. First,
there would be one model that can generate and classify at the same time. This means
that only half the training time is necessary in comparison to training a generator and a
classifier individually. Second, significantly less training data could be used. If the model
is able to generate the sequences, it very likely learned a concept about the essential fea-
tures of that sequence and its differentiation to other concepts. This includes different
variations of this sequence and therefore makes massive amounts of training data unnec-
essary. This would speed up the training process and make classification problems, for

which only few data exist, possible to be classified.




2 Theory

2.1 Recurrent Neural Networks

Recurrent neural networks (RNNs) are optimal for processing sequential information.
Some data are structured in a way in which the order of presentation is very important
or parts of the problem can only be understood when having already seen previous
information. Take the following sentence as an example: “The dog barked at the cat”
has an entirely different meaning than “The cat barked at the dog”. Another example
would be weather data. If it rained the first 3 days and then got sunny for the rest of
the week my prediction would be very different than if it was sunny the first 3 days and
then started to rain. The RNN is able to process exactly that sequential component of
the data. It extends a multilayer perceptron [Rosb8] by having recurrent connections
within the hidden layers. This means that for every entry but the first in the sequence
every neuron not only gets information from the new input but also from its previous

timestep. A graphical demonstration can be found in figure
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Figure 2.1: Depiction of a recurrent neural network. Figure taken from

The network can be unfolded over time to make the concepts easier to understand.
For this the dimension is explicitly added. On the x-axis of figure
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Figure 2.2: Depiction of a recurrent neural network unfolded over time. Figure taken from

the inputs are plotted in increasing chronological order. Now it is very clearly visible
that the output of every cell is determined not only by its input at timestep ¢ but also
from its own state at timestep ¢ — 1.
To train the network, backpropagation is modified to become backpropagation through
time [Wer90], i.e. the gradient of the error is backpropagated through the network and

the weights of the connections are adapted accordingly.

2.2 Vanishing Gradient Problem

A problem with gradient-based learning is that the adaptions of the weights in early
layers become vanishingly small when the number of layers becomes larger. This is due
to the fact that the network weights are updated by the chain rule, i.e. they are updated
proportional to the partial derivative of the error function with respect to the current
weight. An example of the chainrule for the adaption of the weights to the output layer
is given in equations (1] to . E,w;j,05,v;,¢ are the error, weight, output of a neuron,
weighted sum of inputs and activation function respectively.

When many layers are involved, the updates become exponentially smaller with an in-
creasing number of layers between weight and output layer since the chain of derivatives
gets increasingly longer. Given that for many sequential problems long sequences are
used, backpropagation through time would either take incredibly long to train or not
adapt weights for very early entries. To solve this problem long short-term memories

were developed.

’https://tex.stackexchange.com/questions/364413/drawing-an-unfolded-recurrent-neural-network
’https://en.wikipedia.org/wiki/File:Recurrent_neural_network_unfold.svg
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2.3 Long Short-Term Memory (LSTM)

Long short-term memories (LSTMs) were developled in 1997 by Hochreiter and Schmid-
huber [HS97] to solve the vanishing gradient problem. An LSTM unit is composed of a
cell with input gate, output gate and forget gate. The cell saves information over time
like a buffer and the gates are used to control the flow of information in and out of the
cell. A visualization can be seen in figure 2.3

Output Gate

Tt

Forget Gate

Figure 2.3: visualization of an LSTM. Figure taken from

The mathematical equations describing the functionality of the LSTM can be found
in equations [ to [§] where W, and U, represent the weight matrices for the input and

3https://en.wikipedia.org/wiki/Long_short-term_memory
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recurrent connections respectively and b, the biases. x can be either ¢ for the input
gate, f for the forget gate or o for the output gate. ¢y and hy are initialized with 0, o

denotes the element-wise multiplication of vectors and o is the logistic sigmoid function

1

U(‘T) - 1+exp(—z)”

fe = og(Wpxy + Ughy 1 + by) (4)
o,(Wizy + Uihy—1 + by) (5)
op = 0,(Woxy + Ushy—1 + by) (6)
(7)
(8)

it

¢t = frocioy +ip oo (Wexy + Uchyi—q + be)

ht = 0t © O'h(Ct)

Importantly, the LSTM does not have the vanishing gradient problem, since it can
store information over time intervals of arbitrary length. The experiments in this paper
are therefore conducted with LSTMs.

A network can have multiple LSTMs in its hidden layer to process more complex in-
formation. The number of LSTM units per layer is called hidden size. Additionally,
multiple LSTM units could also be combined sequentially. This is then called stacked
LSTM.

In general, LSTM networks currently outperform most other architecture on sequential

data and are also used for all experiments in this work.

2.4 Dynamic Time Warping (DTW)

Dynamic time warping (DTW) is an algorithm designed to measure the distance between
sequences that could vary in speed, frequency or other measures. If, for example, the
similarity between two slightly shifted sinusoidal with the same frequency was to be de-
termined, a standard approach, i.e. a mean squared error, might result in a numerically
high difference even though the functions are very similar. To prevent this the DTW
algorithm calculates the differences between the sequences for all values in the first se-
quence for every value in the second. This results in a 2D matrix of distances between
the two sequences. To determine the distance a mean squared error is chosen. To find
the DTW distance the path following the lowest costs starting at (0,0) and ending at

(n,n) is chosen. The sum of the values along the path are the final result of dynamic

6 2.4. DYNAMIC TIME WARPING (DTW)
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tim

e warping. An algorithm in pseudo code can be found in algorithm

Algorithm 1: dynamic time warping algorithm in pseudo code. n,m rep-

resent the length of sequence 1 and 2.

10

11

12

13

14

15

16

17

Input

sy @ array[0..n],

sy : array[0..m]

Output:

DTW distance between s; and ds
DTWDistance (sq, S2):

DTW := array [n,m] (initialize array)
DTW]I0,:] := inf (first column set to infinity)
DTW]I:,0] := inf (first row set to infinity)

DTWI0,0] := 0 (first value set to 0)

for 7 :=0tondo

for j := 0 to m do
cost := d(s1[i], s2[j]) (calculate distance between points)
DTWIi,j] := cost + min(DTW][i-1, j], (insertion)
DTWIi, j-1], (deletion)
DTW]i-1, j-1]) (match)

end

end
return (DTW/[n,m)))

S
the
put

rre

ince the calculation requires taking the distance between all points for each point
resulting complexity is quadratic for sequences of the same length. To reduce com-
ational complexity and therefore save time by not computing entries, that are likely

levant, in this paper the FastDTW algorithm was chosen. FastDTW has linear time

complexity and comes at the cost of potentially slightly worse results.

2.4. DYNAMIC TIME WARPING (DTW) 7
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2.5 Self-Organizing Feature Map (SOM)

A self-organizing feature map (SOM) is used to produce low-dimensional (2D in this
case) representations of the input space, usually called a map. A SOM is an artificial
neural network that uses unsupervised learning and applies competitive learning instead
of error-correction learning (like backpropagation) for the dimensionality reduction. Con-
ceptually, a SOM unfolds the high-dimensional input space into a low-dimensional map,
preserving the topological properties of the input, i.e. neighboring vectors in the input
should also be neighbors in the output.

The map consists of multiple units to which weights are assigned at random in the begin-
ning. After that a random vector is chosen from the training data and the best matching
unit (BMU) of all weights is found, i.e. the unit with the smallest distance to the training
sample. The neighborhood of the BMU is calculated. This means finding other units
that are close to the BMU according to our chosen neighborhood function. After the
neighborhood is determined the winning weight, i.e. the BMU is rewarded with becoming
more like the sample vector. Neighboring units are also rewarded but to a lesser extend.
In general, the higher the distance to the BMU the lower the reward for that weight.
For this work a two dimensional Gaussian was chosen as the neighboring function. After
repeating that process many times the average distance of every weight to their neighbors
can be calculated and plotted. This is the easily visualized map that the SOM got its
name from and which can be seen in multiple presentations of the experimental results

in later sections.

2.6 k-Means Clustering

The k-means clustering algorithm is used to find clusters of data points with high sim-
ilarity in a given dataset. In this case the property to be compared is the Euclidean
distance of the sequences. More specifically, the algorithm consists of two steps:

(1) Assignment: assign each data point to the cluster with the lowest euclidean distance
to that point, i.e. the nearest mean of the cluster.

(2) Update: compute the new means to be the centers of the clusters.

If the assignments no longer change, the algorithm has converged. However, it is not
necessary that the algorithm converges, since situations can arise in which the algorithm
flip flops between two different states. Therefore the number of iterations in this paper

is static and the final state needs to be taken as an approximation towards the real best

8 2.5. SELF-ORGANIZING FEATURE MAP (SOM)
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state. In this paper the number of iterations was chosen to be high enough that SOMs

for test samples did not change further.

2.6. K-MEANS CLUSTERING 9






3 Inverse Classification using

Generative Models

The main innovation of this paper is inverse classification using generative models. This
means to first train a generative model to learn to generate sequences. In the second
step this model is then used to inversely classify data by generating sequences with an
input vector. The sequences are then compared to the target and the input vector is
iteratively adapted through gradient based methods. A more detailed explanation of the

two step process can be found in the following two sections.

3.1 Sequence Generation

A recurrent neural network with LSTMs is trained to generate sequences from class
inputs. The classes are represented as one-hot vectors, i.e. vectors where one entry
is one and all others are zero. The model gets the class information only in the very
first timestep, being fed zero values for the rest. The model generates one part of the
sequence at every point in time, not a one shot at the end. The sequences generated in
this paper are two dimensional and represent the coordinates of a handwritten character
trajectory. In principal every generative network could be used to inversely classify but
since sequential data are being used, a recurrent model seemed appropriate. A graphical

depiction of the process can be found in figure 3.1}

3.2 Inverse Classification

The fully trained generative model is now used for inverse classification. Importantly,
during the entire classification process the network weights are not changed. The success
of the classification relies only on the concepts learned during the generative training.
To classify a given target sequence, a character is generated. Since there is no prior

information which character the target might be, the first generation is always performed
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Generative model:
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Figure 3.1: Depiction of the sequence generation.

from a uniformly distributed input vector. The resulting sequence is then compared to the
sequence representing the target and an error is calculated. The gradient of the first layer
of the network with respect to that error is then calculated and the uniformly distributed
vector can be adapted proportional to the gradient. This process is done multiple times
either until the input converges towards a static vector or the classification process is
stopped after a given amount of steps. In the optimal case the input converges towards
the one-hot vector representing the class of the target. Mathematically speaking, the
inverse classification can be thought of as the inverse function to the generation. This
implies that f~!(f(z)) = z if the inverse classification process works optimal, where
f(x), f~Y(z) denote the generative network and inverse classification respectively. A

graphical interpretation of the process can be found in figure |3.2

12 3.2. INVERSE CLASSIFICATION
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Figure 3.2: Depiction of the inverse classification.
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4 Experiments and Results

In the following chapter multiple different techniques are implemented and tested.

4.1 Setup

To make this work reproducible the following section gives a full description of the setup

used in the experiment.

4.1.1 Data

The data are handwritten digits taken from the UCI Machine Learning Repository Char-
acter Trajectories Data Set from 2008 [BL13]. It contains only characters that can be
written in a single stroke, leading to 20 different classes with 2858 example characters in
total. The six remaining letters of the alphabet are left out since they cannot be written
within a single stroke.

Originally the digits are saved with x- and y- delta values, i.e. the difference between
two following points and a z-value representing the pin pressure used during the process
of writing. For this work the cumulative sum of the deltas are taken to get the absolute
coordinates for the training and the values for pin pressure are removed. A network
trained on deltas instead of coordinates performed worse and the pin pressure did not
add predictive value. The data are padded with the last coordinate such that all have the
same length but no information is added or removed. Additionally, the individual char-
acters are standardized globally with mean 0 and standard deviation 1. Standardization
leads to slightly better predictions. For every experiment the data are split into 80%
training and 20% test data. The test data are not used for validation during training
but only after the training is finished. Lastly, it should be noted that the characters are
often hard to distinguish even for humans. In figure 4.1] a cherry-picked 'u’ is depicted
on the left and a cherry-picked 'w’ on the right. This fact makes the classification more

complicated.
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index_2540 index_1239

(a) (b)

Figure 4.1: On the left the character 'u’ and on the right the character 'w’ is depicted as they are
found in the data set. Since they are rather similar in look the network might have
additional difficulties separating them accordingly.

4.1.2 Generative Model

As a model a sequential model of an LSTM with hidden size 205 and a fully connected
(FC) layer with two neurons is used. The FC layer makes sure that during every timestep
one coordinate of the sequence representing a character is generated. As activation func-
tions we use tanh for the LSTM layer and a linear function for the FC layer.

Different numbers for the amount of LSTM cells were tested and 205 seemed to be opti-
mal, since smaller numbers did not generate high quality characters and bigger numbers
did not improve results significantly. A graphical description of the model can be seen
in figure [4.2]

The network is given a one-hot vector in the first time step and only given vectors of ze-
ros afterwards during the generative process. This makes sure that the network is really
generating the sequence with only one piece of information in the beginning, preventing
it from regaining the class information at later time steps.

The training process uses a fixed number of epochs, a validation split of 0.2/0.8 and the
model with the best validation error is chosen. The number of epochs is chosen in a
way that ensures convergence and is evaluated with regards to the validation loss. As an
optimizer Adam with standard values of o = 0.0001, 8; = 0.9, 35 = 0.999 and € = 1078
is used. For further information on Adam see [KB14] or algorithm [2]

There are always five instances of a model with exactly the same parameter values
trained and their metrics aggregated since the variance between training sessions was

high in early trials. To train the model keras (JCT15]) is used as a wrapper with a
tensorflow (JAABT15]) backend.

16 4.1. SETUP
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Output shape = (205, 2)

#Units = 2
Hidden size =
205

Input shape = (205, #classes)

Figure 4.2: Implementation details of the generative model. LSTM with hidden size of 205 com-
bined with a fully connected layer with 2 units generating 2D sequences of length 205,
since this is the number of timesteps used. This model is not unfolded over time.

4.1.3 Inverse Classification

For the inverse classification the already trained generative forward model is used. Every
inverse classification is initialized with a uniformly distributed input vector and then
adapted through the method described in chapter [3| over 200 iterations. A fixed amount
of iterations does not ensure that every classification converges but some were either
converging towards a wrong class or flip-flopping between decisions making loss-based
stopping impossible. During every iteration the new vector is clipped between 0 and 1
and then normalized to force convergence towards a one-hot vector. For the generative
model the Adam optimizer (algorithm [2| or [KB14]) was used for optimization with a
learning rate of 0.05. All other values were the standard values already described in the
previous section. This is a very high learning rate compared to the usual value of 0.001
but consistently provided the best results, probably due to the low number of iterations
that was chosen. A higher number of iterations does not seem to fit the task though, since
classification should not take too long for practical applications. An implementation of
the algorithm in pseudo code can be found in algorithm [2|

For the inverse classification also all five instances of the model with same parameters
are used to be able to provide an estimate for the robustness of a model. To avoid
confusion for the rest of the paper the terminology ‘instances of a model’ is used to

describe a model with exactly the same parameter settings independently trained on the

4.1. SETUP 17
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Algorithm 2: Adam algorithm with parameters a = 0.05, 8; = 0.9, 85 = 0.999, ¢ =
1078 and n; = 200. The Objektive function is the MSE loss and the parameters are
only the input vector that is adapted through inverse classification.

W N =

I

Input

a (Stepsize),

p1, B2 (Exponential decay rates for the moment estimates),
f(8) (Objective function with parameters 6),
0 (initial parameter vector),

€,

n; (number of iterations)

Output:

0; (resulting parameters)

function Adam («, By, 52, f(0),0,n;):

mo = 0 (initialize 1st moment vector)

my = 0 (initialize 2nd moment vector)

t = 0 (initialize timesteps)

while t < n; do
t=t+1
gt = Vo fi(0,_1) get gradients for first layer w.r.t the loss function
my = [y -my—1 + (1 — p1) - ¢ (Update first moment estimate)
vy = By v;1 + (1 — Bs) - g? (Update second moment estimate)
0y =01 — - 2= (Update parameters)
end
return (6;) (resulting parameter)

1

8 4.1. SETUP
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exact same data but for multiple times.

4.1.4 Metrics

To evaluate the quality of our model and the changes made during the experiments, two
main metrics are established.

With the first metric the quality of the model with given features is measured. It is
essentially an exploration of the latent space of the model. For that a test space of all
possible combinations of values ranging from 0 to 1 with step size n is created. This leads
to a space of size (n+ 1)¢ where d is the dimensionality. For each vector of the test space
the model predicts the sequence and saves the distance of the generated sequence to a
given target sequence. As a distance metric fast dynamic time warping (fastDTW) is
chosen. A simple root squared mean error (RMSE) can also be used but produces worse
results for trajectories as explained in section 2.4, The distances are then represented as
heat maps for two dimensions and projected down from higher dimensions to 2D with the
usage of self-organizing maps (SOMs). Notably, for higher dimensions only the vectors
are explored that sum up to 1 since an entire analysis of the latent space would need too
much computational power.

The extensive exploration of the latent space within this work is due to the finding that
the quality of the latent space directly and strongly influences the accuracy of the in-
verse classification. This implies that a clean clustering of characters in the latent space
is a strong predictor for a good result in the inverse classification. It also implies that
systematic deviations from a cluster can be solved in later experiments.

Lastly, it needs to be pointed out that the quality of the generated characters is not
quantitatively compared between the different type of networks but rather pointed out
qualitatively, i.e. that a network produces high amounts of one particular character even
if the vector producing it has another entry that is higher than for the produced result.
The second metric regards the primary part of this research work, the inverse classifica-
tion. To test how well a model performs the entire test set is classified and the accuracy
of the classification calculated. The accuracy is determined by rounding the result to
the closest one-hot vector and comparing it to the real target. To get an estimate of the
distance between the inversely classified vector and the target their root mean-squared
error is calculated additionally.

For every experiment two, four and 20 dimensions are being tested. Dimensions in this

case simply means the number of characters that the network was trained on, since

4.1. SETUP 19
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directly going for all 20 characters turned out to be too complex of a task in many cases.

4.2 Naked Model

For the first experiment the model described in subsection is used without any

additions.

4.2.1 Two Dimensions

At first the performance of the model with no further additions is tested. All five instances
are tested against each other through the comparison of their heat maps. The heat map
represents the DTW-distance from a generated letter to a given target character. In the
optimal case a clean cut line on the diagonal representing x = y could be seen since
that marks the border of vectors where the maximal value is closest to the corresponding
one-hot vector. In the first five figures the distance to the character ‘a’ is depicted while
in the 6th the distance to a given ‘b’ for the first model can be seen. This is used
to show that the heatmaps from one model are exactly mirrored when different letters
are chosen. This is an important finding because it shows that the model has learned
abstract concepts of letters that correspond to different regions in latent space. The heat
maps can be seen in figure [4.3]

The naked model does perform suboptimal in two major ways. First, it is not very
consistent between different models, resulting in more effort to get good results. Second,
it is very far from the optimal border of the x = y diagonal. This is especially unfortunate
since it implies worse results for the inverse classification.

After the exploration of the latent space the inverse classification is analyzed. For this
the Inverse Classification algorithm as described in chapter |3| is performed on all test
characters. Note that they are previously unknown to the trained network. In table
the models and their respective accuracy and root mean squared error (RMSE) are
depicted. All values are rounded to 2 decimal digits.

The average accuracy of 0.66 and error of 0.38 are better than a random guess which
would result in a value of 0.5. There is rather high standard deviation of 0.17 regarding
accuracy and 0.14 regarding the error between the models. Four out of five meet the
burden of beating random guessing but instance 4 is worse. Two additional observa-
tions are: a) accuracy and RMSE are highly correlated. This very likely implies that

a good model not only makes correct predictions but also ones that are closer to the
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a_2_naked_v3
350

Figure 4.3: (a) - (e) represent the distance of the classification data to a given instance of the
character ‘a’ of five instances of the model with no additions that are independently
trained on the same dataset. (f) shows the distance of the same instances as depicted
in (a) to the character 'b'.

Table 4.1: Results for the 2D models without additions. The first five rows represent the accuracy
and RMSE for each instance of the model while the last two show mean and standard
deviation for each respective category.

model accuracy RMSE
2_naked_v0 0.7 0.36
2_naked_v1 0.57 0.44
2_naked_v2 0.81 0.32
2_naked_v3 0.84 0.17
2_naked_v4 0.38 0.6
mean 0.66 0.38
standard deviation 0.17 0.14

corresponding one-hot vector. b) There is a tendency that models which have heat maps
closer to an optimal heat map have higher accuracy and lower error. Instance 2 seems
to be an outlier given that significantly more than half of its latent space is occupied by

representations of the character ‘b’ making this result surprisingly good.
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4.2.2 Four Dimensions

Another five different instances of the model with no addition were trained on a dataset
with four different characters, i.e. ‘a’, ‘b’, ‘¢’ and ‘d’. Since a four dimensional heat map
is not very clear, a self-organizing feature map is used to analyze the latent space for these
models. Given that the figures coming from the SOM are quite large only selected SOMs
and sometimes only certain aspects are reviewed. In figure the SOM for version 0 of
the model without additions can be seen. The red vectors are the basis for the prediction
and the blue characters the respective results. It is hard to identify the different aspects
of the figure. The focus therefore lies on select insights. First, the latent space did
not unfold itself into four regionally separated classes standing for the four characters.
But still most cells only represent one character and multiple of the same classes create
clusters with low average distances in certain parts of the map. Second, the character ‘a’
and ‘¢’ are represented way more often than ‘b’ and ‘d’ even though their representation
within the training set is uniformly distributed. For this model only four instances of
each of the rarer characters can be found when 286 characters are represented in total.
A majority of the bad results in the inverse classification is therefore likely due to the
underrepresentation of ‘b’ and ‘d’” in the models latent space. Since figure is hard to
interpret, figure shows the same map with only the character ‘a’. As can be seen,
different clusters on the same cell or with low regional difference are formed. Often the
vectors producing similar characters share certain properties, i.e. three vectors on the
right edge of the map are all close to uniformly distributed and located on the same cell.
Quantitatively the model performs better than guessing since all accuracies are over 0.25
and the errors are lower than [$(3 (0.25 — 0)%+ (0.25 — 1)?)]% = 0.43 as can be seen in
table 4.2l The average accuracy of the inverse classification of 0.49 makes sense in the
context of the analysis of the latent space. The model mostly learned the concept of ‘a’
and ‘c’. It therefore classifies all of these characters correctly, but all ‘b’s and ‘d’s are
categorized incorrectly as one of the two others. The variance of classification is still very
high with a value of 0.14. This implies that the model is still not very robust between

different training sessions making it rather unusable for practical purposes.

4.2.3 20 Dimensions

Since our data has 20 different characters at the end of every experiment the same
procedure as before is performed for 20 dimensions.

As can be seen in table the model has an accuracy of 0.39 which is significantly
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Table 4.2: Results for the 4D models without additions. The first five rows represent the accuracy
and RMSE for each instance of the model while the last two show mean and standard
deviation for each respective category.

model accuracy RMSE
4_naked_v0 0.67 0.29
4_naked_v0 0.62 0.27
4_naked_v0 0.47 0.38
4_naked_v0 0.36 0.4
4_naked_v0 0.32 0.39
mean 0.49 0.35
standard deviation 0.14 0.05

Figure 4.4: SOM for version 0 of the model without additions trained on 4 characters. Red vectors
are the bases for the prediction and blue characters are the result of the given prediction.
The map in the background shows the average distances for each weight to their
neighbors.
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Figure 4.5: SOM for version 0 of the model without additions trained on 4 characters. Only the
letter 'a’ is represented. Red vectors are the bases for the prediction and blue characters
are the result of the given prediction. The map in the background shows the average
distances for each weight to their neighbors.

Table 4.3: Results for the 20D models without additions. The first five rows represent the accuracy
and RMSE for each instance of the model while the last two show mean and standard
deviation for each respective category.

model accuracy RMSE
20_naked_v0 0.39 0.19
20_naked_v1 0.41 0.2
20_naked_v2 0.34 0.2
20_naked_v3 0.34 0.2
20_naked_v4 0.25 0.2
mean 0.35 0.2
standard deviation 0.05 0.0
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better than a random accuracy of 0.05. The average error of 0.19 is also better than a
guessing error of [75(19- (0 —0.05)% + (1 —0.05)%)]°5 = 0.22. However, that difference is
not really big implying that the model either does not predict correct results with high

certainty or that it predicts incorrect results with high certainty leading to high errors.

4.3 Double Stacked LSTM

4.3.1 Two Dimensions

In this section the addition of a second LSTM layer and the respective capability to clas-
sify is explored. After the suboptimal results seen in the previous chapter an additional
layer might provide better representation and generalization of characters and therefore
yield better results. The second layer has exactly the same specifications as the layer in
the single-layer models did, i.e. 205 hidden units and a tanh activation function. Every

other part of the model is exactly the same as described in subsection [.1.3]

50

Figure 4.6: (a) - (e) represent the distance of the classification data to a given instance of the
character 'a’ of five instances of the model of double stacked LSTMs that are inde-
pendently trained on the same dataset. (f) shows the distance of the same model as
depicted in (a) to the character 'b’.

The latent space is still very far from the optimal diagonal break and at least qualita-
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tively no improvement on the single layer LSTM tested in the previous chapter. Qual-
itatively, as depicted in table the model is not better than the naked one, two of
the five instances perform even worse than guessing. On average the mean accuracy and
the mean error are very close to guessing without knowledge, i.e. a value of 0.5 for the

inverse classification.

Table 4.4: Results for the 2D models with a double stacked LSTM. The first five rows represent
the accuracy and RMSE for each instance of the model while the last two show mean
and standard deviation for each respective category.

model accuracy RMSE
2_double_stacked_v0 0.59 0.48
2_double_stacked_v1 0.43 0.58
2_double_stacked_v2 0.4 0.5
2_double_stacked_v3 0.75 0.33
2_double_stacked_v4 0.52 0.56
mean 0.54 0.49
standard deviation 0.12 0.09

4.3.2 Four Dimensions

The same analysis as for two characters is again done for four with the double stacked
LSTM. As can be seen in table the models vary very much. Model version 0 has an
accuracy of 0.93 while version 4 has 0.3. On average the classification rate of the model
with double stacked LSTMs is 0.65 beating the rate of the model without additions of
0.49. The reason for that can be found in figure[d.7] Only the character ‘¢’ is represented
since showing all would be too unclear.

As can be seen especially in the lower mid sections very big clusters of the same characters
have formed within the latent space. Additionally the overlay between characters within
the same regions is very low, i.e. borders are very sharp. This becomes especially visible
when comparing the SOM of ‘¢’ to the SOM of ‘d’ represented in figure 4.8 The regions
where ‘d’s are clustered seem to be exactly the regions where ‘c’s are not. The same
holds true for ‘a’ and ‘b’ to a nearly similar extend but their SOMs are left out for the
purpose of saving space. Additionally, the clusters represented in the SOM also share
similarities. Many nodes, for example, seem to be defined through the size of the number
at the third entry of the vector, i.e. the entry representing the class ‘c’. However, there
are many exceptions to this trend, likely being one of the reasons why the model is not

able to perform perfect inverse classification.
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Figure 4.7: SOM for version 0 of the model with the double stacked LSTMs trained on 4 characters.
Only the letter ‘c’ is represented. Red vectors are the bases for the prediction and blue
characters are the result of the given prediction. The map in the background shows
the average distances for each weight to their neighbors.

Table 4.5: Results for the 4D models with double stacked LSTMs. The first five rows represent
the accuracy and RMSE for each instance of the model while the last two show mean
and standard deviation for each respective category.

model accuracy RMSE
4_ds_v0 0.93 0.18

4 ds_vl 0.66 0.28
4_ds_v2 0.5 0.35
4_ds_v3 0.87 0.25
4_ds_v4 0.3 0.44
mean 0.65 0.3
standard deviation 0.23 0.09
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Figure 4.8: SOM for version 0 of the model with the double stacked LSTMs trained on 4 characters.
Only the letter ‘d’ is represented. Red vectors are the bases for the prediction and blue
characters are the result of the given prediction. The map in the background shows
the average distances for each weight to their neighbors.

4.3.3 20 Dimensions

Table 4.6: Results for the 20D models with double stacked LSTMs. The first five rows represent
the accuracy and RMSE for each instance of the instance of the model while the last
two show mean and standard deviation for each respective category.

model accuracy RMSE
20_ds_v0 0.22 0.21
20_ds_v1 0.29 0.21
20_ds_v2 0.5 0.19
20_ds_v3 0.31 0.2
20_ds_v4 0.31 0.2
mean 0.32 0.2
standard deviation 0.09 0.01
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Results for the inverse classification of the double stacked LSTM models can be found
in table 4.6 The mean accuracy of 0.32 and the mean RMSE of 0.2 are comparable to
the values of the naked models with 0.35 and 0.2 respectively. The standard deviation
between models is also comparable with 0.09 and 0.01 for the double stacked and 0.05
and 0.0 for the naked one. The most likely conclusion is that the addition of a second
stack of LSTM units is not an improvement for inverse classification, at least for this
task.

4.4 Addition of Noise

After analyzing the model without additions and the double stacked LSTMs two problems
emerged. Either the models did not learn one or two characters and therefore misclassified
or they mapped very similar vectors to different classes. To make the latent space more
clear cut a noise and a clip layer were introduced. This means that the generative network
is still trained on one-hot vectors representing the classes but during every epoch for every
instance Gaussian distributed noise with mean of 0 and different standard deviations is
added on this input. The standard deviations start at 0.1 and are increased in steps
of 0.1 over four separate experiments. Additionally the network has a clipping layer,

meaning that every input has only entries between 0 and 1.

4.4.1 Two Dimensions

For two letters standard deviations of 0.1 - 0.4 are tested. The heat maps generated
through the addition of noise during the training process can be seen in figure 4.9 A
clear trend can be seen: the higher the standard deviation the closer the latent space
is separated by the optimal x = y diagonal. Additionally, the fuzziness of that border
increases in the same process. This should imply that the rate of correct classifications

increases for the models with these optimal latent spaces.

As can be seen in table the instances confirm the theoretical prediction and get
more accurate over time. They reach perfect average inverse classification accuracy of 1
for a noise addition with standard deviation of 0.3 and 0.4. In comparison to the models
presented in previous chapters the standard deviation of the root mean squared error of
the model with noise is also very low. This implies that a robust model can be created

in one training which makes it practically useful.
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Figure 4.9: (a) - (e) represent the distance of the classification data to a given instance of the
character ‘a’ of 5 identical instances of the same model with addition of noise and
standard deviation of 0.1 that are independently trained on the same dataset. (f) - (j)
show the same for standard deviation of 0.2. Every further row follows this trend and
adds 0.1 more standard deviation for the training of the model.

4.4.2 Four Dimensions

The model was also trained with the addition of a noise layer with different standard
deviations for four dimensions, i.e. four characters. Before analyzing and comparing
the results the latent space is reviewed. In figures |4.10], 4.11} |4.12] and [4.13| the SOM of

the character ‘a’ of models with addition of noise with standard deviation 0.1, 0.2, 0.3

and 0.4 can be seen respectively. There are two major trends that come with increasing
standard deviation. First, the SOMs seem to get less clustered regions representing a
character. While there is a major cluster in the bottom left corner of the SOM for

standard deviation of 0.1 and one at the top left of the SOM for 0.2 no regional clusters
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Table 4.7: Results for the 2D models with the addition of noise with standard deviations of 0.1,
0.2, 0.3 and 0.4. The first five rows represent the accuracy and RMSE for each instance
of the model respectively while the last two show mean and standard deviation for each
respective category.

model accuracy RMSE
2_noise_01_v0 0.9 0.13
2_noise_01_v1 0.92 0.1
2_noise_01_v2 0.65 0.42
2_noise_01_v3 0.46 0.44
2_noise_01_v4 0.41 0.41
mean 0.67 0.3
standard deviation 0.21 0.15
2_noise_02_v0 1. 0.08
2_noise_02_v1 0.97 0.09
2_noise_02_v2 1. 0.02
2_noise_02_v3 0.94 0.16
2_noise_02_v4 1. 0.08
mean 0.98 0.08
standard deviation 0.03 0.04
2_noise_03_v0 1. 0.04
2_noise_03_v1 1. 0.1
2_noise_03_v2 1. 0.12
2_noise_03_v3 1. 0.07
2_noise_03_v4 1. 0.09
mean 1.0 0.08
standard deviation 0.0 0.03
2_noise_04_v0 1. 0.09
2_noise_04_v1 1. 0.1
2_noise_04_v2 1. 0.16
2_noise_04_v3 1. 0.14
2_noise_04_v4 1. 0.12
mean 1.0 0.12
standard deviation 0.0 0.02

can be found for 0.3 and only vaguely for 0.4. The second trend is that borders become
more fuzzy between letters while still not overlapping. In figure and the SOMs
for the character ‘c’ and standard deviation of 0.1 and 0.4, respectively, can be seen.
Comparing the SOMs of ‘a’ and ‘c’ for each model, we can see that the regions where the
model with standard deviation 0.1 still has regional separation between the characters,

the model with standard deviation of 0.4 has fuzzier borders but no overlap between
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characters. These graphics were picked for demonstration but the two analyses hold for
other characters as well, even if sometimes to a lesser degree. The other characters are

not depicted to save space.

Figure 4.10: SOM for version 0 of the model with the addition of noise with standard deviation
of 0.1 trained on 4 characters. Only the letter ‘a’ is represented. Red vectors are
the bases for the prediction and blue characters are the result of the given prediction.
The map in the background shows the average distances for each weight to their
neighbors.

After reviewing the latent spaces of the models results are analyzed and compared.
In table [4.8) the accuracy and RMSE of every instance is depicted. Additionally the
mean and standard deviation for every model can be found. The accuracy of the model
gets higher and the error lower, the bigger the standard deviation of the noise layer
becomes. Additionally, the standard deviation of the accuracy becomes smaller. This
implies that the models with noise are very robust between different model instances
making them useful for practical purposes. All models are also able to significantly beat

the benchmark of the model without additions which had an accuracy of 0.49 and error
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Figure 4.11: SOM for version 0 of the model with the addition of noise with standard deviation
of 0.2 trained on 4 characters. Only the letter ‘a’ is represented. Red vectors are
the bases for the prediction and blue characters are the result of the given prediction.
The map in the background shows the average distances for each weight to their
neighbors.

of 0.35 on average.

4.4.3 20 Dimensions

The results for the noise model instances for 20D can be found in table[L.9l The trends set
in two and four dimensions are continued for 20, i.e. the higher the standard deviation the
better the accuracy. The one big exception clearly is the addition of noise with standard
deviation of 0.4. The reason for this is likely that too many adversarial examples are
then in the data. When high random values are added onto the one-hot vectors the
entries might be too close to each other and the network is not able to distinguish them

anymore. An addition of noise with even higher standard deviation would likely result
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Figure 4.12: SOM for version 0 of the model with with the addition of noise with standard deviation
of 0.3 trained on 4 characters. Only the letter ‘a’ is represented. Red vectors are the
bases for the prediction and blue characters are the result of the given prediction.
The map in the background shows the average distances for each weight to their
neighbors.

in even worse results.

In comparison to the model without additions there is significantly less of an increase
compared to lower dimensions. Where the increase in 2D was from 0.66 to 1 and in 4D
from 0.49 to 0.93, for 20D it is only from 0.35 to 0.43 average accuracy. The mean RMSE
between models gets slightly better from 0.2 over 0.19 to 0.18 but absolutely these values
are still very close to the random value of 0.22. This implies that the addition of noise
was not able to achieve the target of making the model more confident in its predictions.
Interestingly, the first model for standard deviation 0.3 achieves an accuracy of 0.65
showing that even though that is not the norm, it is at least possible to get a model with

better results for inverse classification than the averages.
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Figure 4.13: SOM for version 0 of the model with with the addition of noise with standard deviation
of 0.4 trained on 4 characters. Only the letter ‘a’ is represented. Red vectors are the
bases for the prediction and blue characters are the result of the given prediction.
The map in the background shows the average distances for each weight to their
neighbors.

4.5 Repeller Vector

The main problems that contribute to suboptimal results in previous sections when
analyzing the latent space come from vectors that are very close to uniformly distributed.
The network probably has problems identifying to which class the vector belongs if all
the entries are very similar. To solve the problem a repeller vector is introduced. This
simply means that % uniformly distributed vectors are added to the train and test set,
where n is the number of classes for this training. The targets for the repeller vectors are
sequences of zeros only. If the generative model is successfully repelled from forming its
latent space around uniformly distributed vectors, the inverse classification might tend

stronger towards one-hot vectors.
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Figure 4.14: SOM for version 0 of the model with the addition of noise with standard deviation
of 0.1 trained on 4 characters. Only the letter ‘c’ is represented. Red vectors are
the bases for the prediction and blue characters are the result of the given prediction.
The map in the background shows the average distances for each weight to their
neighbors.

4.5.1 Two Dimensions

As can be seen in figure[4.16]the latent space did change in comparison to a model without
any additions. For all models an additional zone has been formed around the z = y
diagonal. The region has lower DTW distance than the other character but significantly
higher than similar ones. This means that the network has learned a third, meaningless
class represented through that zone and therefore achieved the aim of an repeller vector
addition. Not only qualitatively, but also quantitatively the results improve, as can be
seen in table [4.10] The accuracy with 0.79 on average is significantly higher compared
to a naked model with 0.49 on average and the error went down in all instances resulting

in 0.15 on average compared to 0.35 in the standard model. Additionally the standard

36 4.5. REPELLER VECTOR



CHAPTER 4. EXPERIMENTS AND RESULTS

Figure 4.15: SOM for version 0 of the model with the addition of noise with standard deviation
of 0.4 trained on 4 characters. Only the letter ‘c’ is represented. Red vectors are
the bases for the prediction and blue characters are the result of the given prediction.
The map in the background shows the average distances for each weight to their
neighbors.

deviation is very low with 0.07 for the accuracy and 0.02 for the error meaning that the

model is robust between different training instances.

4.5.2 Four Dimensions

To analyze the latent space of the repeller models with four dimensions a class needs to
be shown that is not even mentioned for all other sections. While labeling the sequences
that are produced by the generative models, there are some which are unrecognizable.
These are labeled with an ‘x’. For all other models so far only very few instances have
been put in that class and mostly it was just when the model generated a mixture be-

tween two characters when two entries in the vector were around the same value. In the
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Table 4.8: Results for the 4D models with the addition of noise with standard deviations of 0.1,
0.2, 0.3 and 0.4. The first five rows represent the accuracy and RMSE for each instance
of the model respectively while the last two show mean and standard deviation for each
respective category.

model accuracy RMSE
4_noise_01_v0 0.76 0.25
4_noise_01_v1l 0.94 0.19
4_noise_01_v2 0.86 0.19
4_noise_01_v3 0.91 0.21
4_noise_01_v4 0.9 0.24
mean 0.88 0.22
standard deviation 0.06 0.02
4_noise_02_v0 0.82 0.26
4_noise_02_v1 0.88 0.21
4_noise_02_v2 0.94 0.2
4_noise_02_v3 0.93 0.24
4_noise_02_v4 0.95 0.17
mean 0.91 0.22
standard deviation 0.05 0.03
4_noise_03_v0 0.87 0.2
4_noise_03_v1 0.92 0.24
4_noise_03_v2 0.96 0.18
4_noise_03_v3 0.95 0.18
4_noise_03_v4 0.93 0.18
mean 0.93 0.19
standard deviation 0.03 0.02
4_noise_04_v0 0.89 0.19
4_noise_04_v1 0.98 0.15
4_noise_04_v2 0.93 0.2
4_noise_04_v3 0.91 0.18
4_noise_04_v4 0.93 0.17
mean 0.93 0.18
standard deviation 0.03 0.02

case of the repeller model much more sequences needed to be labeled with ‘x’ since the
sequences were just entirely unrecognizable. In figure all the values of the ‘x’ class
can be seen. Notably, most of the vectors producing unrecognizable results, and therefore
being labeled with ‘x’, are very close to uniformly distributed, i.e. having very similar
values for all entries. This is not really surprising given that the model was trained to

generate sequences of zeros when presented with exactly uniformly distributed vectors.
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Table 4.9: Results for the 20D models with the addition of noise with standard deviations of 0.1,
0.2, 0.3 and 0.4. The first five rows represent the accuracy and RMSE for each instance
of the model respectively while the last two show mean and standard deviation for each

respective category.

model accuracy RMSE
20_noise_01_v0 0.37 0.2
20_noise_01_v1 0.34 0.2
20_noise_01_v2 0.37 0.2
20_noise_01_v3 0.42 0.19
20_noise_01_v4 0.24 0.21
mean 0.35 0.2
standard deviation 0.06 0.01
20_noise_02_v0 0.51 0.19
20_noise_02_v1 0.22 0.2
20_noise_02_v2 0.45 0.19
20_noise_02_v3 0.27 0.2
20_noise_02_v4 0.44 0.18
mean 0.38 0.19
standard deviation 0.11 0.01
20_noise_03_v0 0.65 0.17
20_noise_03_v1 0.42 0.18
20_noise_03_v2 0.33 0.19
20_noise_03_v3 0.33 0.19
20_noise_03_v4 0.41 0.18
mean 0.43 0.18
standard deviation 0.12 0.01
20_noise_04_v0 0.33 0.19
20_noise_04_v1 0.15 0.21
20_noise_04_v2 0.12 0.21
20_noise_04_v3 0.24 0.2
20_noise_04_v4 0.16 0.2
mean 0.2 0.2
standard deviation 0.08 0.01

In the inverse, all characters that do have labels, have very high values in their respective

entries. An example of this can be found in figure 4.18] where the SOM for the character

‘d’ is shown. Most vectors have values of 0.5 or higher at the 4th entry, which stands for

the class of character ‘d’.

The qualitative evaluation of the repeller models can be found in table A.11] The
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Figure 4.16: (a) - (e) represent the distance of the classification data to a given instance of the
character ‘a’ of five instances of the 2D models with repeller addition that are inde-
pendently trained on the same dataset. (f) shows the distance of the same model as
depicted in (a) to the character ‘b’.

Table 4.10: Results for the 2D models with the addition of repeller vectors. The first five rows
represent the accuracy and RMSE for each instance of the model respectively while
the last two show mean and standard deviation for each respective category.

model accuracy RMSE
2_repeller_v0 0.88 0.12
2_repeller_v0 0.69 0.15
2_repeller_v0 0.72 0.18
2_repeller_v0 0.84 0.15
2_repeller_v0 0.83 0.15
mean 0.79 0.15
standard deviation 0.07 0.02

accuracy of the model is 0.58 on average beating the accuracy of the model without
additions of 0.49. The error of 0.27 on average is also lower than the 0.35 of the standard
model. The standard deviation between different instances of the model trained on the
same data is rather low with 0.11 for accuracy and only 0.05 for the RMSE. This implies

a robust model but also that a classification of around 0.69, like in model instance 2, is
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Figure 4.17: SOM for version 0 of the repeller model trained on 4 characters. Only the class X’ is
shown which stands for unrecognizable characters. Red vectors are the bases for the
prediction and blue characters are the result of the given prediction. The map in the
background shows the average distances for each weight to their neighbors.

very likely close to the upper bound for classification with this technique.

Table 4.11: Results for the 4D models with the addition of repeller vectors. The first five rows
represent the accuracy and RMSE for each instance of the model respectively while
the last two show mean and standard deviation for each respective category.

model accuracy RMSE
4_repeller_v0 0.59 0.29
4 _repeller_v1 0.65 0.26
4 _repeller_v2 0.69 0.21
4_repeller_v3 0.37 0.36
4_repeller_v4 0.61 0.24
mean 0.58 0.27
standard deviation 0.11 0.05
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- 0.9
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Figure 4.18: SOM for version 0 of the repeller model trained on 4 characters. Only the letter ‘d’
is represented. Red vectors are the bases for the prediction and blue characters are
the result of the given prediction. The map in the background shows the average
distances for each weight to their neighbors.

4.5.3 20 Dimensions

Table 4.12: Results for the 20D models with the addition of repeller vectors. The first five rows
represent the accuracy and RMSE for instance of the each model respectively while
the last two show mean and standard deviation for each respective category.

model accuracy RMSE
20_repeller_v0 0.21 0.2
20_repeller_v1 0.34 0.2
20_repeller_v2 0.26 0.2
20_repeller_v3 0.33 0.19
20_repeller_v4 0.33 0.2
mean 0.29 0.2
standard deviation 0.05 0.0
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As can be seen in table the addition of repeller vectors is no improvement to a
model with no additions. A classification rate of 0.29 on average is worse than the 0.35
given by the naked model. The mean RMSE of 0.2 is exactly the same as in the other
model.

In conclusion, the addition of repeller vectors seems to increase the performance of the
2D and 4D model but fails to reproduce that result for 20D.

4.6 Addition of Types

For the following chapter two main problems are tackled. Since the inverse classification
process consistently converged against none one-hot vectors for some character sequences
it seems likely to assume that the model might have learned different types of a character,
i.e. an ’a’ with a big belly and a small belly. The second problem is the number of
samples that need to be trained. As described in the introduction, a main purpose of
inverse classification is to downscale the number of training data to a minimum.
Therefore a k-means clustering algorithm is used to generate four clusters or types for
every character in the dataset. The center of every cluster is taken as a representative
for each type. The types are stored in two dimensional one-hot vectors, i.e. in a 2D
model [[1,0,0,0],[0,0,0,0]] would represent the first type of the character ’a’.

The inverse classification in this section is done on reduced types, i.e. the a sum is applied
over the type dimension to make the model comparable with the standard approach. If,
for example, the inverse classification resulted in [[0.25,0.25,0.25, 0], [0.25,0,0,0]], the
resulting reduced vector would be [0.75, 0.25].

4.6.1 Two Dimensions

Results for the 2D models of the implementation with types can be found in table [4.13]
There are two primary findings that can be seen in the five trained instances. First, the
deviation between instances is really high given that the accuracies range from 0.57 to
1. Second, the mean RMSE is really high, even when the model has perfect accuracy.
There could be multiple competing explanations for that: a) the model learned very
accurate representations of the different types of characters and therefore represents a
previously unseen ’a’ as a mixture between types of ’a’ and b’ or b) the model just
was not able to grasp the differences between types and therefore is unsure about its

prediction. Looking at results from previous chapters and for typed data at four and 20
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Table 4.13: Results for the 2D models trained on typed data. The first five rows represent the
accuracy and RMSE for each instance of the model while the last two show mean and
standard deviation for each respective category.

model accuracy RMSE
2_types_v0 0.57 0.47
2_types_vl 0.6 0.45
2_types_v2 0.94 0.15
2_types_v3 1. 0.28
2_types_v4 0.84 0.33
mean 0.79 0.34
standard deviation 0.17 0.12

dimensions hypotheses b) seems more likely, since accuracies become lower quickly.

4.6.2 Four Dimensions

Table 4.14: Results for the 4D models trained on typed data. The first five rows represent the
accuracy and RMSE for each instance of the model while the last two show mean and
standard deviation for each respective category.

model accuracy RMSE
4_types_v0 0.18 0.45
4_types_vl 0.24 0.43
4_types_v2 0.37 0.43
4_types_v3 0.2 0.47
4_types_v4 0.34 0.42
mean 0.27 0.44
standard deviation 0.08 0.02

Results for the 4D implementation of the typed experiment can be seen in table [£.14]
With a mean of 0.27 for accuracy and 0.44 for the RMSE the results of this experiment
are very close to the guessing values of 0.25 and 0.43 respectively. Therefore it seems
likely that the addition of types does not make a distinction within characters or between
classes more clearly but rather adds an additional degree of complexity that the model

cannot handle.

4.6.3 20 Dimensions

For 20 characters the trend that was already seen for four continues. As table
shows, the mean accuracy of 0.08 and mean RMSE of 0.22 do not significantly diverge
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Table 4.15: Results for the 20D models trained on typed data. The first five rows represent the
accuracy and RMSE for each instance of the model while the last two show mean and
standard deviation for each respective category.

model accuracy RMSE
20_types_v0 0.07 0.22
20_types_vl1 0.08 0.22
20_types_v2 0.14 0.22
20_types_v3 0.05 0.22
20_types_v4 0.09 0.22
mean 0.08 0.22
standard deviation 0.03 0.0

from random guessing of 0.05 and 0.22. It therefore seems plausible to conclude that the

addition of types is not an information gain that the model handles very well.

4.7 Addition of Types with Noise

To test if the addition of types is necessarily counterproductive, we add noise to it, since
that was so far the most successful addition from previous experiments.

The setup of the model and inverse classification procedure are done exactly as in the
previous section but noise is added. The noise is drawn from a Gaussian distribution
with mean 0 and different standard deviations. The resulting vector is clipped such that
its values stay between 0 and 1. The standard deviations chosen are the best results
from previous experiments for each dimensionality respectively, i.e. 0.4 for 2D, 0.4 for
4D and 0.3 for 20D.

4.7.1 Two Dimensions

As can be seen in table the addition of noise does increase the accuracy and decrease
the variance between models. Even though the mean accuracy only changes from 0.79 to
0.85 and the mean RMSE from 0.34 to 0.32 the mean values might be a bit deceiving since
they are primarily pulled down by model version 3, a big outlier. However, the existence
of that outlier only shows that even with added noise the addition of types method is

not robust and therefore, in this implementation, not useful for practical purposes.
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Table 4.16: Results for the 2D models with the addition of noise with standard deviation 0.4 trained
on typed data. The first five rows represent the accuracy and RMSE for each instance
of the model while the last two show mean and standard deviation for each respective

category.
model accuracy RMSE
2_types_noise_04_v0 1. 0.18
2_types_noise_04_v1 0.94 0.29
2_types_noise_04_v2 0.95 0.25
2_types_noise_04_v3 0.4 0.54
2_types_noise_04_v4 0.98 0.33
mean 0.85 0.32
standard deviation 0.23 0.12

Table 4.17: Results for the 4D models with the addition of noise with standard deviation 0.4 trained
on typed data. The first five rows represent the accuracy and RMSE for each model
instance of the while the last two show mean and standard deviation for each respective

category.
model accuracy RMSE
4_types_noise_04_v0 0.9 0.37
4_types_noise_04_v1 0.88 0.35
4_types_noise_04_v2 0.86 0.31
4_types_noise_04_v3 0.72 0.36
4_types_noise_04_v4 0.61 0.37
mean 0.79 0.35
standard deviation 0.11 0.02

4.7.2 Four Dimensions

The results for the addition of noise on typed data for 4 characters can be found in
table 4.17] With a mean accuracy of 0.79 and a mean RMSE of 0.35 we can see that
the accuracy gets significantly better compared to the type model without noise but the
confidence of the model in its prediction stays rather low since 0.35 is not too far from
0.43.

4.7.3 20 Dimensions

Even though the addition of noise was able to increase the accuracy for two and four
characters it seems like that trend is not continued with 20. As represented in table
a mean accuracy of 0.09 and a mean RMSE of 0.22 are very close to the random guessing

values 0.05 and 0.22 respectively. This result seems to imply that the addition of types
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Table 4.18: Results for the 20D models with the addition of noise with standard deviation 0.3
trained on typed data. The first five rows represent the accuracy and RMSE for each
instance of the model while the last two show mean and standard deviation for each
respective category.

model accuracy RMSE
20_types_noise_04_v( 0.17 0.21
20_types_noise_04_v1 0.06 0.22
20_types_noise_04_v2 0.08 0.22
20_types_noise_04_v3 0.06 0.22
20_types_noise_04_v4 0.09 0.22
mean 0.09 0.22
standard deviation 0.04 0.0

to the data does not increase the predictive value of the inverse classification, even when

noise is added.

4.8 Sparse Data with Noise

Since the results of the addition of noise on the typed data in the previous section resulted
in high accuracy but still high error rates, in this section the types are flattened but the
sparse data is kept. This means that what has been an ‘a’ of type 0 in the last section
in 2D, i.e. [[1,0,0,0],[0,0,0,0]] now just becomes [1,0]. This implies that every class
of characters still has only four instances and is therefore called sparse data. These
four instances, however, are the cluster means from the k-means clustering and therefore
should contain more information than four randomly chosen characters.

The noise is drawn from a Gaussian distribution with mean 0 and different standard
deviations. The resulting vector is clipped such that its values stay between 0 and 1.
The standard deviations chosen are the best results from previous experiments for each
dimensionality respectively, i.e. 0.4 for 2D, 0.4 for 4D and 0.3 for 20D.

4.8.1 Two Dimensions

As shown in table the mean accuracy of 0.97 is very high and the mean RMSE
of 0.13 very low given that the network is trained on only four representations of each
character. In comparison to the values 1.0 and 0.13 that the same network achieves on
multiple hundreds of samples per character we can see that removing lots of training

data does not have a major impact on the ability of the generative model to learn the
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Table 4.19: Results for the 2D models with the addition of noise with standard deviation 0.4 trained
on sparse data. The first five rows represent the accuracy and RMSE for each instance
of the model while the last two show mean and standard deviation for each respective

category.
model accuracy RMSE
2_sparse_noise_04_v0 1. 0.16
2_sparse_noise_04_v1 0.94 0.11
2_sparse_noise_04_v2 1. 0.09
2_sparse_noise_04_v3 1. 0.15
2_sparse_noise_04_v4 0.94 0.14
mean 0.97 0.13
standard deviation 0.03 0.03

concepts, at least for 2D.

4.8.2 Four Dimensions

Table 4.20: Results for the 4D models with the addition of noise with standard deviation 0.4 trained
on sparse data. The first five rows represent the accuracy and RMSE for each instance
of the model while the last two show mean and standard deviation for each respective

category.

model accuracy RMSE
2_sparse_noise_04_v0 0.98 0.17
2_sparse_noise_04_v1 0.96 0.2
2_sparse_noise_04_v2 0.93 0.17
2_sparse_noise_04_v3 0.95 0.17
2_sparse_noise_04_v4 1. 0.17
mean 0.97 0.18
standard deviation 0.02 0.01

The trend that was set by sparse data for two characters continues for four. As
depicted in table the mean classification accuracy of 0.97 is even bigger than the
0.93 that were achieved by the model trained on all data. This, however, is likely due
to statistical fluctuation, i.e. the sparse models being over average good or the others
under average bad, since there is no good reason for a model learning a concept better
when only training on a subset of the data. The mean RMSE is exactly the same, both
for normal and sparse data. Additionally, the standard deviation of both accuracy and
RSME is very low, implying that the model performance is very robust over multiple

training sessions.
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4.8.3 20 Dimensions

Table 4.21: Results for the 20D models with the addition of noise with standard deviation 0.3
trained on sparse data. The first five rows represent the accuracy and RMSE for each
instance of the model while the last two show mean and standard deviation for each
respective category.

model accuracy RMSE
20_sparse_noise_03_v( 0.47 0.18
20_sparse_noise_03_v1 0.39 0.2
20_sparse_noise_03_v2 0.49 0.18
20_sparse_noise_03_v3 0.5 0.19
20_sparse_noise_03_v4 0.58 0.18
mean 0.49 0.19
standard deviation 0.06 0.01

The results for the 20D model trained on sparse data with the addition of noise with
standard deviation of 0.3 can be seen in table [£.2I] The model outperforms all other
previously tested inverse classification models with an average accuracy of 0.49. This
result is surprising, since it is trained on a subset of the data on which the noise_20_03

models were trained. The results might be due to statistical fluctuations.

4.9 Comparison with Standard Classification

To evaluate the classification quality of the model the results are compared to a standard
classification approach. This comparison model is constructed in a way that resembles
the models for inverse classification as much as possible. The network uses LSTMs with
one hidden layer of size 205 combined sequentially with a fully connected layer (FC).
The number of units for the FC are the number of classes it is trained on. The activation
function for the last layer is the softmax function (softmax(z) = %), since the
output then consists of values between 0 and 1 representing the likelihood of a class
being the correct one. For the training the Adam optimizer ([KB14]) is used. Since the
inverse classification was done with a mean squared error (MSE), the comparison model
set of five model instances is also trained on MSE to make it as comparable as possible.
It is trained on the same data and trains for the same number of epochs as all other models
have been trained on. To test for robustness five isntances with the same specifications

are trained. The results are measured in the same way as all other models before, i.e.
the accuracy and the RMSE of the result.
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To compare the standard approach to the sparse data experiments conducted in the
last three sections, additional instances of models are trained on the same data as the
typed and sparse data models. For the comparison with types, the standard approach
is not trained on typed data, but just on sparse data. This is the case because the
types are merely thought to enhance the process of generation, thereby creating better

representations, not influencing the classification process itself.

4.9.1 Two Dimensions

Table 4.22: Results for the 2D models with a standard sequence classification approach. The first
five rows represent the accuracy and RMSE for each instance of the model while the
last two show mean and standard deviation for each respective category.

model accuracy RMSE
2_comparison_v( 1.0 0.0
2_comparison_vl 1.0 0.0
2_comparison_v2 1.0 0.0
2_comparison_v3 1.0 0.0
2_comparison_v4 1.0 0.0
mean 1.0 0.0
standard deviation 0.0 0.0

Table 4.23: Results for the 2D models with a standard sequence classification approach trained on
sparse data. The first five rows represent the accuracy and RMSE for each instance
of the model while the last two show mean and standard deviation for each respective

category.

model accuracy RMSE
2_comparison_sparse_v( 1. 0.
2_comparison_sparse_v1 0.97 0.18
2_comparison_sparse_v2 0.97 0.18
2_comparison_sparse_v3 0.95 0.22
2_comparison_sparse_v4 1. 0.
mean 0.98 0.11
standard deviation 0.02 0.09

As can be seen in table when trained on many data points per individual class
the comparison model is able to reach an accuracy of 1 and a RMSE of 0. This shows
not only that it is able to identify each single class, but also that its confidence for the

prediction is maximal.
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In comparison when trained on sparse data, as can be found in table[4.23] the accuracy for
some models is 1 but some are not able to learn all categories correctly. The high RMSE
of the imperfect models is likely due to the high confidence in the inaccurate prediction.
These results show, however, that even a model trained on only four examples per class

can reach perfect results.

4.9.2 Four Dimensions

Table 4.24: Results for the 4D models with a standard sequence classification approach. The first
five rows represent the accuracy and RMSE for each instance of the model while the
last two show mean and standard deviation for each respective category.

model accuracy RMSE
4_comparison_v0 0.93 0.16
4_comparison_v1l 0.95 0.12
4_comparison_v2 0.92 0.16
4_comparison_v3 0.95 0.12
4_comparison_v4 0.96 0.1
mean 0.94 0.13
standard deviation 0.02 0.03

Table 4.25: Results for the 4D models with a standard sequence classification approach trained on
sparse data. The first five rows represent the accuracy and RMSE for each instance
of the model while the last two show mean and standard deviation for each respective

category.
model accuracy RMSE
4_comparison_sparse_v( 0.95 0.16
4_comparison_sparse_v1 0.91 0.21
4_comparison_sparse_v2 0.93 0.18
4_comparison_sparse_v3 0.94 0.17
4_comparison_sparse_v4 0.97 0.13
mean 0.94 0.17
standard deviation 0.02 0.03

Depicted in table [4.24] and [4.25| the results for the comparison models trained on

the entirety of the data and sparse data are depicted. Interestingly, the quality of the
prediction is very similar despite the significantly lesser amount of data for the sparse
model. The only small difference is in the RMSE of the models, where the sparse is
slightly higher with an average 0.17 compared to an average of 0.13 for the other model.
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Besides a slight advantage on being more confident in the correct predictions, there does

not seem to be an advantage in training on many different examples.

4.9.3 20 Dimensions

Table 4.26: Results for the 20D models with a standard sequence classification approach. The first
five rows represent the accuracy and RMSE for each instance of the model while the
last two show mean and standard deviation for each respective category.

model accuracy RMSE
20_comparison_v0 0.98 0.04
20_comparison_v1 0.97 0.04
20_comparison_v2 0.95 0.06
20_comparison_v3 0.97 0.05
20_comparison_v4 0.96 0.05
mean 0.97 0.05
standard deviation 0.01 0.01

Table 4.27: Results for the 20D models with a standard sequence classification approach trained
on sparse data. The first five rows represent the accuracy and RMSE for each instance
of the model while the last two show mean and standard deviation for each respective

category.
model accuracy RMSE
20_comparison_sparse_v( 0.76 0.15
20_comparison_sparse_v1 0.63 0.16
20_comparison_sparse_v2 0.6 0.17
20_comparison_sparse_v3 0.38 0.19
20_comparison_sparse_v4 0.68 0.15
mean 0.61 0.17
standard deviation 0.13 0.02

The comparison results for the 20D models can be found in table for normal
training procedure. For the standard approach, the results are quite good. On average
correctly classifying 0.97 of the test data with an average RMSE of only 0.05 without
any major outliers.

Interestingly, the average accuracy and RMSE are even better than the same procedure
for only four characters, reviewed in the previous subsection. This might be caused
by the characters ‘a’, ‘b’, ‘¢’ and ‘d” having a higher average complexity then the rest

and therefore being harder to learn. This, however, is only speculation and no further

52 4.9. COMPARISON WITH STANDARD CLASSIFICATION



CHAPTER 4. EXPERIMENTS AND RESULTS

research was conducted regarding that question.

The results for training on sparse data can be found in table .27 The models average
accuracy is 0.61, being pulled down by the outlier of model version 3. The RMSE of all
models is rather high with 0.17 on average which is only 0.05 smaller than the RMSE of
a random guess. This likely implies that the confidence of the models in their predictions
was not very high, i.e. it did not converge towards a one-hot vector.

It is also significantly worse than the comparison models that were not trained on sparse
data, implying that either a) some characters in the other 16 classes are hard to capture
in only four samples per class or b) that a higher number of classes also demands more

training samples per class in a nonlinear fashion.
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5 Conclusion

To conclude the work, the strengths and weaknesses of the models compared to ran-
domness and to a standard classification approach are discussed and future research is

outlined.

5.1 Quality of the Model

To evaluate the quality of the model two questions need to be answered. 1. Does it work
at all, i.e. is it better than randomness? And if that is the case: 2. Is it better than
other approaches with similar infrastructure, i.e. the same number of parameters and
the same kinds of artificial neural networks used?

In table the average accuracy and the average RMSE for all different techniques and

dimensions discussed in this paper can be found.

5.2 Interpretation

Quantitatively, multiple results can be seen throughout the experiments.

a) Double stacking LSTMs does not increase performance.

b) Addition of noise improves the conceptual representation within latent space increas-
ing accuracy of the models. However, there seems to be a point at which further addition
of noise is more confusing than helpful which can be especially seen for the 20D model.
¢) The addition of an additional class of repeller vectors does not seem to have a strong
effect. While increasing accuracy for the 2D models the improvement vanishes with more
dimensions.

d) The addition of types adds an additional degree of complexity to the process that
higher dimensional models, i.e. 4D and 20D, cannot handle anymore and is therefore
harmful.

e) The addition of noise on types is able to improve results for lower dimension but

unable to repair the problems of 20D typed representations.
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f) The removal of many data points to generate sparse data does close to no harm at all.
In the case of 4D and 20D it even outperforms the models trained on all data slightly
for unclear reasons.

g) The comparison models show mostly similar or better classification qualities compared
to the best other models. Especially for 20D the difference is very significant.

h) When the comparison model is trained on sparse data the classification quality stays
similar for 2D and 4D but drops very much for 20D.

i) RMSE correlates strongly with the classification accuracy, the quality of internal rep-
resentations therefore affect correctness of and confidence in the model in the same way.
j) On average, all models outperform random guessing, even if individual instances are

worse for 20 dimensions.

Qualitatively, the most important result, which also holds true for all experiments, is
that the quality of the inverse classification model is very much determined by the quality
of the internal representations of the generative model, i.e. the latent space. This can be
found throughout all heat maps, where a clear separation along the x = y axis implies
better results for the inverse classification. It can also be seen within the SOMs where
the separation of clusters within the latent space implies higher accuracy. And lastly it
can be seen with the addition of noise to all models. When noise is added the model
learns more different variants of the model, has therefore a better understanding of the
concept representing a character and thereby a less sparse latent space.

The fact that Inverse Classification performs significantly worse than standard classifica-
tion for 20 dimensions is obvious, but no clear reason could be identified. Further tests
with much longer training times (i.e. 8 times more epochs) for the generative model or
500 epochs for inverse classification yielded exactly the same results as the respective
method with normal values for training times and epochs. Potential other sources could
be that added complexity requires categorically different methods for generation or other
hyperparameters in general needed to be used. The first suggestion seems implausible,
since the 20D models were able to generate all letters accurately. A third solution, how-
ever, is the adversarial training used in [JSM18]. It combats the problem of unstructured
latent spaces but was published so recently, that no time was left to try it in the scope

of this work. It will be tested in future work.
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5.3 Advantages of Inverse Classification

In comparison to other forms of classification, Inverse Classification has multiple advan-

tages:

(1) Results. For all techniques the comparison model either outperformed or yielded
similar results to them. So with these training methods, hyperparameters and general
setup, inverse classification does not beat standard classification. A major advantage
and also a primary goal of inverse classification is the handling of sparse data. While the
comparison models where affected by the removal of data, the inverse classification did

not seem to decrease its accuracy with significantly smaller training size.

(2) Having two applications for the same model halves the training time. Instead of

having to train a generator and a classifier for the same data separately, the same model

can fulfill both tasks.

(3) Having two processes combined, means that two processes can be optimized. To
enhance the representation within latent space, the generative process can be manipu-
lated. To enhance the inverse classification this part of the process can be changed. In

sum, both have influence on the result.

5.4 Future Work

Future work would mainly consist of the manipulations addressed in the last point of the
last section.

(1) Enhancement of the generative model. A more complex architecture might lead to
better internal representations. Other training methods or a change of hyperparameters

might also produce a better latent space.

(2) Improvement of the Inverse Classification. Applying a variety of different tech-
niques that are currently used for forward classification might also be helpful for the
inverse classification. The application of different optimizers or other functions during

every iteration like the softmax function might hold significant improvements.
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Table 5.1: Every model tested in the work with respective accuracy, root mean squared error
(RMSE), standard deviation of accuracy and error and values for random guessing.

model accuracy RMSE std acc. std RMSE
naked_2 0.66 0.38 0.17 0.14
ds_2 0.54 0.49 0.12 0.09
noise_01_2 0.67 0.3 0.21 0.15
noise_02_2 0.98 0.08 0.03 0.04
noise_03_2 1.0 0.08 0 0.03
noise_04_2 1.0 0.12 0 0.02
repeller_2 0.79 0.15 0.07 0.02
types_2 0.79 0.34 0.17 0.12
types_noise_04_2 0.85 0.32 0.23 0.12
sparse_noise_04_2 0.97 0.13 0.03 0.03
comparison_mse_2 1.0 0.0 0.0 0.0
comparison_sparse_2 0.98 0.11 0.02 0.09
random_values 0.5 0.5 - -
naked_4 0.49 0.38 0.14 0.05
ds_4 0.65 0.3 0.23 0.09
noise_01_4 0.88 0.22 0.06 0.02
noise_02_4 0.91 0.22 0.05 0.03
noise_03_4 0.93 0.19 0.03 0.02
noise_04_4 0.93 0.18 0.03 0.02
repeller_4 0.58 0.27 0.11 0.05
types_4 0.27 0.44 0.08 0.02
types_noise_04_4 0.79 0.35 0.11 0.02
sparse_noise_04_4 0.97 0.18 0.02 0.01
comparison_mse_4 0.94 0.13 0.02 0.03
comparison_sparse_4 0.94 0.17 0.02 0.03
random_values 0.25 0.43 - -
naked_20 0.35 0.2 0.05 0.0
ds_20 0.32 0.2 0.09 0.01
noise_01_20 0.35 0.2 0.06 0.01
noise_02_20 0.38 0.19 0.11 0.01
noise_03_20 0.43 0.18 0.12 0.01
noise_04_20 0.2 0.2 0.08 0.01
repeller_20 0.29 0.2 0.05 0.0
types_20 0.08 0.22 0.03 0.0
types_noise_03_20 0.09 0.22 0.04 0.0
sparse_noise_03-20 0.49 0.19 0.06 0.01
comparison_mse_2() 0.97 0.05 0.01 0.01
comparison_sparse_20 0.61 0.17 0.13 0.02
random_values 0.05 0.22 - -
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